Common fragile sites (cFS) represent chromosomal regions that are prone to breakage after partial inhibition of DNA synthesis. Activation of cFS is associated with various forms of DNA instability in cancer cells, and is thought to be an initiating event in the generation of DNA damage in early-stage tumorigenesis. Only a few cFS have been fully characterized despite the growing interest in cFS instability in cancer genomes. In this study, six-color fluorescence in situ hybridization revealed that FRA2C consists of two cFS spanning 747 kb FRA2Ctel and 746 kb FRA2Ccen at 2p24.3 and 2p24.2, respectively. Both cFS are separated by a 2.8 Mb nonfragile region containing MYCN. Fine-tiling array comparative genomic hybridization of MYCN amplicons from neuroblastoma (NB) cell lines and primary tumors revealed that 56.5% of the amplicons cluster in FRA2C. MYCN amplicons are either organized as double minutes or as homogeneously stained regions in addition to the single copy of MYCN retained at 2p24. We suggest that MYCN amplicons arise from extra replication rounds of unbroken DNA secondary structures that accumulate at FRA2C. This hypothesis implicates cFS in high-level gene amplification in cancer cells. Complex genomic rearrangements, including deletions, duplications and translocations, which originate from double-strand breaks, were detected at FRA2C in different cancers. These data propose a dual role for cFS in the generation of gross chromosomal rearrangements either after DNA breakage or by inducing extra replication rounds, and provide new insights into the highly recombinogenic nature of cFS in the human cancer genome.
INTRODUCTION
Common fragile sites (cFS) are present in all individuals as part of the normal chromosomal structure, and span large genomic regions of several hundred kilobases (1) . Aphidicolin-induced replication stress in vitro leads to chromosomal fragility in cFS, and appears as breaks and gaps in metaphase chromosomes. Approximately 90 cFS have been identified in the human genome using G-banding (Entrez NCBI database), and the approximate genomic location has been identified using DNA integration approaches and fluorescence in situ hybridization (FISH) mapping for one-third of these. The specific regions have been determined for only eight cFS, including a detailed description of their boundaries i.e. FRAXB (2), FRA7K (3), FRA1E (4), FRA2G (5), FRA16D (6), FRA13A (7), FRA9G (8) and FRA3B (9, 10) .
The molecular basis of the inherent fragility of cFS remains poorly understood. Cell clones stably transfected with bacterial artificial chromosomes (BACs) carrying FRA3B sequences exhibited 3-to 7-fold more aphidicolin-induced gaps and breaks at the integration site than control cells transfected with BACs containing non-cFS sequences (11) . This supports the hypothesis that the DNA sequence at cFS is inherently unstable, and a critical factor underlying the formation of breaks and gaps. Interrupted stretches of AT-rich sequences and enrichment of DNA flexibility islands have been suggested to * To whom correspondence should be addressed. Tel: +49 6221423274; Fax: +49 6221423277; Email: l.savelyeva@dkfz.de # The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com be common features of cFS (12, 13) . A genetic assay in yeast showed that an AT-rich region of 500 bp, which spans the peak of highest flexibility in FRA16D and contains a polymorphically perfect AT repeat, may stall replication fork progression and increase chromosome fragility in an AT length-dependent manner (14) . It has been suggested that AT stretches lead to an accumulation of DNA secondary structures that may cause double-strand breaks (DSB) at a fragile site. However, such sequence motifs are also widely dispersed in non-fragile regions (15) , indicating that a combination of DNA characteristics rather than a single consensus sequence accounts for the increased genomic instability at cFS.
The cell cycle checkpoint protein ATR, and its downstream targets (16) as well as key components of the homologous recombination (HR) and non-homologous end-joining (NHEJ) pathways (17) are essential to maintain cFS stability. Replication of fragile site regions is delayed (18) , and it is hypothesized that their breaks arise from regions of unreplicated single-stranded DNA accumulated at the stalled or collapsed replication forks (1) .
cFS have been associated with genomic instability during tumorigenesis (19) (20) (21) (22) . Expression of FRA3B, FRA6E and FRA16D results predominantly in deletions of the tumor suppressor genes FHIT (23, 24) , PARK2 (25, 26) and WWOX (6, 27) , respectively. Allelic imbalances at fragile site genes are associated with early-stage cancer development, and have been detected within many types of tumors (28, 29) . Recently, large-scale screening of 746 cancer cell lines revealed that at least half of the homozygous deletions attributed to the likely underlying cause occurred in fragile site regions (30) .
Amplification is one of the most frequent genomic alterations in cancer. Amplified genes represent a major driving force for deregulation of cellular growth, and promoting tumorigenesis (31) . Gene amplification was initially described in drug-resistant rodent cell lines (32, 33) . Analyses of amplicon structures indicated that both intrachromosomal and extrachromosomal mechanisms may lead to amplification (34) . Intrachromosomal amplification via breakage -fusionbridge (BFB) cycles results in inverted, amplified structures up to several megabases in length accumulated at the resident chromosomal loci (35, 36) . BFB cycle amplification can be initiated in vivo by fragile site activation in rodent model systems (37) . In human esophageal adenocarcinoma, gastric and breast carcinoma cell lines, the amplification of MET and PIP via BFB cycles resulted in amplicons with boundaries clustering in cFS (38) (39) (40) . The mechanism of extrachromosomal amplification is more poorly understood. After extrachromosomal amplification occurs, the amplified DNA can be visualized as either circular, extrachromosomal double minutes (DM) or homogeneously staining regions (HSR) located distant from the resident site. Occurrence of high-level copy number DM has been explained by the replication -excision model (32) based on chromosomal regions looping out during DNA replication. Recently, chromosome fragmentation as a consequence of replication stress was also suggested to trigger the formation of DM (41) . This model connects replication stress and amplification, implying that cFS activation may be involved in high copy number gene amplification. However, whether cFS are responsible for initiating extrachromosomal amplification in cancer cells remains unknown.
The genomic location of FRA2C was determined in this study. FRA2C consists of FRA2Ctel (2p24.3) and FRA2Ccen (2p24.2), and both cFS flank a 2.8 Mb non-fragile region containing MYCN. FRA2Ctel and FRA2Ccen encompass NBAS, NT5C1B and RDH14, and both cFS are enriched in flexibility peaks compared with the non-fragile regions. Complex genomic rearrangements, including deletions, duplications and translocations, were detected in different tumors at both cFS. We showed that MYCN amplicons and gains map to FRA2Ctel or FRA2Ccen in 56.5% of neuroblastoma (NB) cell lines and primary tumors. These results raise the possibility that initiation of MYCN amplification may be caused by extra replication rounds of secondary DNA structures accumulated at FRA2Ctel and/ or FRA2Ccen. These data propose a dual role for cFS in the generation of gross chromosomal rearrangements either after DNA breakage or by inducing extra replication rounds, and provide new insights into the highly recombinogenic nature of cFS in the human cancer genome.
RESULTS

FRA2C is composed of two distinct cFS
FRA2C is assigned to chromosomal band 2p24 and is the most telomeric fragile site on the short arm of chromosome 2. We mapped FRA2C by inducing cFS breaks using aphidicolin, then hybridizing six BAC clones (RP11-532A9, RP11-473K18, RP11-355H10, RP11-723P04, RP11-513P11 and RP11-498O22), spaced at 2 -3 Mb intervals across a broad region encompassing 2p24, to metaphase spreads (Table 1) . About 4% exhibited breaks in two regions at 2p24. Some displayed breaks in either one of the two regions in each chromosome 2 homolog (Fig. 1A, left panel) , and some displayed two distinct breaks on the same chromosome (Fig. 1A, right panel) . One region of breaks occurred more distally (closer to the telomere) on chromosome 2, between RP11-473K18 and RP11-355H10, and a second more proximally (closer to the centromere) between RP11-723P04 and RP11-513P11, where the majority of breaks (17/25) were observed. Breaks were not observed within the 2.8 Mb region between RP11-355H10 and RP11-723P04. These data demonstrate the presence of two cFS at 2p24, which we refer to as FRA2Ctel and FRA2Ccen.
Four additional BAC clones (RP11-59C11, RP11-314E10, RP11-247H16 and RP11-422A6) spaced at 300-400 kb intervals between RP11-473K18 and RP11-355H10 were used for a more detailed mapping of FRA2Ctel. RP11-59C11 and RP11-314E10 hybridized distally to all breaks, and RP11-422A6 hybridized proximally to all breaks, while RP11-247H16 was proximal to, crossed or distal to FRA2Ctel breaks. Thus, all observed breaks were located within 800 kb between RP11-314E10 and RP11-422A6. We determined the boundaries of the FRA2Ctel sequence by examining the hybridization pattern of seven contiguous BAC clones (Fig. 1B, Table 1 ). Five BAC clones covered the entire FRA2Ctel region, encompassing 747 kb from RP11-526G2 to RP11-32P22.
Human Molecular
Four BAC clones (RP11-111J6, RP11-818B6, RP11-101A12 and RP11-42N12) from the region between RP11-723P04 and RP11-513P11 were used to map FRA2Ccen. Breakage always occurred between the RP11-723P04 (centromeric) and RP11-101A12 (telomeric) BAC clones, and covered a 1 Mb large region. Ten partially overlapping BAC clones were used to further resolve this region (Fig. 1B, Table 1 ). RP11-723P04, RP11-101M1 and RP11-405K16 were distal to all of the 29 FRA2Ccen breaks. RP11-806C1 and RP11-101A12 were always proximal to the FRA2Ccen breaks. The remaining six BAC clones were either proximal, crossed or distal to the FRA2Ccen breaks (Fig. 1B, Table 1 ). These six BAC probes spanned the entire genomic region of FRA2Ccen, including more than 746 kb. Overall, the examination of both the telomeric and centromeric borders of all breaks confirmed the presence of the two distinct cFS at 2p24. Breaks at FRA2Ccen were 3-fold more frequent than at FRA2Ctel.
To construct a physical and transcriptional map of the region containing both FRA2Ctel and FRA2Ccen, the location of BAC clones covering the cFS was verified by end sequencing. Alignment of the BAC contigs with the genomic sequence from public databases revealed that FRA2Ctel and FRA2Ccen are located in the 2p.24.3 G-band and 2p24.2 R-band, respectively, and contain the NBAS, NT5C1B and RDH14 genes (Fig. 1C) Table 2 ). FRA2Ccen contains a similar distribution of different types of repetitive elements (Table 2) . These values correspond to genomic regions having an AT content in the range of 60-62% (42) . The flexibility of the FRA2Ctel and FRA2Ccen sequences was analyzed using the TwistFlex software. Both cFS are highly enriched in flexibility peaks relative to nonfragile regions, which exhibit on average 3.3 peaks/100 kb in a G-band and 1.8 peaks/100 in an R-band kb (43) . In particular, FRA2Ccen is 3.18-fold more enriched (10.8 peaks per 100 kb, Table 2 ) in predicted flexibility peaks even relative to other characterized cFS sequences, which on average hold 3.4 peaks/100 kb in an R-band. For FRA2Ctel, situated in a G-band, has a predicted flexibility of 6.16 peaks per 100 kb. These data are in line with the observation that enrichment of DNA flexibility is characteristic of cFS. We analyzed FRA2Ctel and FRA2Ccen for (AT/TA) .20 perfect repeats using the Perfect Microsatellite Repeat Finder software. A perfect (AT/TA) 23-23.5 repeat was seen in FRA2Ccen. This perfect AT stretch is located in the maximum DNA-flexibility peak having 17.68 of twist in FRA2Ccen, which is reminiscent with previous findings for FRA16D (14) . In contrast, FRA2Ctel harbored no expanded perfect (AT/TA) . 20 repeats, demonstrating that long stretches of perfect AT repeats are not a ubiquitous characteristic of cFS sequences. Taken together, sequence analyses of the 1.5 Mb region holding both cFS showed that both parts of FRA2C are AT-rich and abundant in peaks of enhanced DNA flexibility.
FRA2Ccen and FRA2Ctel are targeted by genomic rearrangements in different tumors
To ascertain whether FRA2Ctel or FRA2Ccen are generally associated with genomic rearrangements in cancer, breast ). In agreement with a previous study (44) , LA-N-6 showed a 1.5-fold gain. Smaller genomic rearrangements ranging from 0.5 to 2.6 Mb were detected in GI-M-EN and CHLA-90 within FRA2C. A 4-to 6-fold copy number change of a 2651 kb large region near MYCN mapped with its centromeric border to FRA2Ccen in GI-M-EN. An inversion was detected within the large duplicated region in CHLA-90 (RP11-459K11 and G248P8046H2), which is located in the close vicinity of FRA2C (Fig. 2B) . In NBL-S, one breakpoint of a translocation at the distal portion of 2p is between FRA2Ctel and FRA2Ccen (data not shown). The breakpoints of deletions and duplications clustered in one or both cFS in three of nine breast and two of nine colon cell lines (Fig. 2C) . Several chromosomal rearrangements, visible as copy number changes by array CGH, coincided with the boundaries of FRA2Ctel and/ or FRA2Ccen in the MX-1 and MFM 223 breast cancer cell lines ( Fig. 2C and D) . Multiple genomic rearrangements including duplications, insertions and translocations with up to 14 breakpoints in MFM 223 affect NBAS, DDX1, MYCN, FAM49A, KCNS3. A gain harboring MYCN, whose boundaries mapped to FRA2Ctel, was detected in the T47D breast cancer cell line. A 182 kb deletion in the region of FRA2Ccen was detected in the HDC-54 colon cancer cell line, and HDC-82 harbored a gain and a loss in the proximal vicinity of FRA2Ccen (Fig. 2C ). Taken together, we showed that rearrangements, including deletions, duplications and translocations, were associated with the chromosomal regions of FRA2Ctel and FRA2Ccen in more than 30% of examined cell lines derived from different cancer entities.
The chromosomal alterations present in FRA2Ctel and
FRA2Ccen are typical those known to originate from faulty DSB repair in cancer cells, and are characteristic of the instability at cFS.
FRA2Ctel and FRA2Ccen map to the boundaries of MYCN amplicons
The genomic location of MYCN raises the hypothesis that MYCN amplicons may depart from recombinogenic events at FRA2Ctel and FRA2Ccen. To determine a possible relationship between amplified MYCN and the FRA2Ctel and FRA2Ccen sites, MYCN amplicon borders were defined using high resolution array CGH for the entire chromosome 2 as well as the 2p arm (average resolution of 600 and 200 bp, respectively). Genomic DNA from 15 MYCNamplified NB cell lines and 9 MYCN-amplified localized primary NB tumors were hybridized to the array. Additionally, we assessed the genes and pseudogenes co-amplified in the amplicons. The copy number rearrangements, including amplifications, gains and deletions on chromosome 2 are shown in Figure 3A and in Supplementary Material, Figure S2 . We also detected other sequences amplified at or in the vicinity of FRA2Ctel and FRA2Ccen, which did not include MYCN. Non-contiguous and contiguous MYCN amplicons ranged between 0.1 and 2.8 Mb (Fig. 3B , blue bars). The smallest contiguous MYCN amplicons were detected in the CHP-126 cell line and NB-S498 tumor (100 and 252 kb, respectively), while the largest were 1570 and 1368 kb in the LA-N-5 cell line and NB-S413 tumor, respectively. MYCN maintained a centric position within 29% of the amplicons from both NB cell lines and tumors, and was localized telomerically in 54% and centromerically in 17%. Gains spanning 116 kb to 31.38 Mb in size were detected in eight NB cell lines and five primary NBs on the 2p arm (Fig. 3B, red bars) . Approximately half of all MYCN amplicons detected also included NBAS in its entirety or in part. The DDX1 and FAM49A genes were co-amplified with MYCN in 54.2 and 33.3% of the cases, respectively. In 85% of the cases, the pseudogenes, U5E-snRNA, U13-like scRNA, SRP RNAand ACA 40-like both snoRNA, were included in the genomic amplification or gain (Supplementary Material, Table S1 ). The proximal or distal boundaries of amplicons or gains clustered in either FRA2Ccen or FRA2Ctel or in both cFS in 80% of NB cell lines and 33% of NB primary tumors (Fig. 3B) . On the whole, 41.6% of all amplicon boundaries represent a proximal or distal rearrangement border mapping to FRA2Ctel or FRA2Ccen. The remaining borders of the amplicons or gains were near to the cFS, mapping within 332.4 and 394.5 kb proximal to FRA2Ctel in NB cell lines and primary tumors, respectively. Amplicon borders or gains also clustered within FRA2Ccen in 25% of NB cell lines and tumors and within FRA2Ctel in 58%. Most amplicon borders were located in the region spanning 15.5 -16.5 Mb on 2p in NB cell lines and NB primary tumors (Fig. 3C) . In total, 52 and 21 MYCN amplicon borders were located in the 14.0-20.0 Mb region on 2p in NB cell lines and primary tumors, respectively. These results may reflect a high frequency of recombinogenic events at replication forks arising during perturbations of DNA replication in FRA2C. FISH was performed for both cell lines using the corresponding DNA probes for each genomic region exhibiting a copy number change by array CGH (Fig. 4B) . Gains in Vi-856 were visualized by hybridizing five BAC probes, detecting three different levels of copy number changes. FISH detected seven copies of RP11-342E23 (I, Fig. 4B ) and RP11-299D11, eight copies of RP11-314E10 (II, Fig. 4B ) and RP11-102G8 and nine copies of RP11-120J4 (III, Fig. 4B ). The 7-fold amplification was the lowest level of gain detected on 2p for the Vi-856 cell line. The sequences were organized as one normal copy on 2p, two derivative chromosomes carried a 60 Mb duplication and two other derivative chromosomes harbored portions of 2p (I, Fig. 4B ). The RP11-314E10, RP11-102G8 and RP11-120J4 probes also detected two additional copies located on other chromosomes (II and III, Fig. 4B ). All three highly amplified fragments were present as exogenous amplified regions (RP11-98I18, RP11-422A6 and RP11-355H10, IV -VI, Fig. 4B ) and they co-existed on one DM structure (VII, Fig. 4B ). FISH of TR-14 revealed that three apparently normal copies of chromosome 2 and several different architectures of DM co-exist in one metaphase. The MYCN-amplified region (RP11-355H10) co-existed with three other amplified regions (RP11-352J11, RP11-1293J14 and RP11-98I18) on one DM (indicated by arrows, I -III, Fig. 4B ), but also formed exogenous smaller DM (indicated by arrowheads, I, Fig. 4B ). Both DM structures harboring MYCN were detected in 100% of all metaphases. The region spanning 10.22 -10.78 Mb was less amplified (with a log2 ratio of 2.46) than the MYCNcontaining DM, and represents a third DM present in 30% of the cells analyzed (IV, Fig. 4B ), in which, 70% harbored a diploid status of this region (V, Fig. 4B ). The same situation was detected for the region spanning 16.98 -17.98 Mb, but with a DM incidence of 50% in all cells (RP11-419O4, data not shown). These results indicate that the instability of FRA2Ctel and FRA2Ccen may lead to two different types of genomic rearrangements. DSB within or in close proximity to the cFS could cause the formation of additional copies of the distal portion of 2p and their translocation to other chromosomes. Independent amplicon formation also frequently originates at FRA2C and its neighboring sequences. This indicates that cFS are prone to form circular DNA structures, which could later exist as exogenous DM in the cell.
Moreover, the lack of deletion of the amplified sequences at their original location on 2p indicates that fragile site sequences are not only particularly unstable, but are also predisposed to form DNA structures facilitating aberrant replication of chromosome segments.
DISCUSSION
We identify here the two cFS, FRA2Ctel and FRA2Ccen, with their corresponding genes that map to the boundaries of 56.5% of MYCN amplicons from NBs. We further provide evidence that FRA2Ctel and FRA2Ccen are involved in generating chromosomal rearrangements in other tumors. We suggest a dual role for cFS in generating rearrangements by DNA breakage and high-level amplicons. To date, most cFS have been predicted only by G-banding without providing fine mapping of the genomic regions they involve or the genes affected by rearrangements in them. Identification of the full content of genes affected within a fragile site is an important task in cancer and genome research, since DNA damage at these chromosomal regions occurs during the early stages of tumorigenesis (28, 29, 45, 46) . In this study, we determined the genomic location of FRA2C at a BAC clone resolution level of 150 kb, and identifying the cFS, FRA2Ctel and FRA2Ccen, at 2p24.3 and 2p24.2, respectively. Only eight other cFS to date have had their centromeric and telomeric borders defined to this level of detail (2 -10). About 1% of metaphases showed breaks in FRA2Ctel and 3% in FRA2Ccen after aphidicolin treatment. In concordance with a systematic genome-wide screen for cFS in the human genome (47) , FRA2Ccen belongs to the minor group (21/ 230) of cFS, which acquired breaks and gaps at a frequency of 1%, whereas FRA2Ctel (a.k.a. FRA2M) belongs to the intermediate group (91/230) acquiring breaks at a frequency between 0.1 and 1%. Based on the cFS inter-individual frequency of breakage variation, FRA2Ctel could be classified as a low-frequency and FRA2Ccen as high-frequency site of breakage.
Sequence motifs may contribute to the inherent fragility of cFS (11) . FRA2Ctel and FRA2Ccen are AT-rich, as are all other cFS described to date. Both cFS show a similar distribution of their repeat composition compared with the average repeat composition reported for the human genome in areas with an AT content of 60-62% (42) . We did detect significantly higher flexibility peaks in both FRA2Ctel and FRA2Ccen, compared with non-fragile regions. FRA2Ccen is 3.18-fold more enriched in DNA flexibility peaks compared with the average value for cFS. The enriched DNA flexibility of FRA2Ccen and FRA2Ctel is in line with reports for a number of cFS also showing enrichment in sequences predicted to have high DNA flexibility (12, 13, 48, 49) . Perfect polymorphic AT repeats within AT-rich areas are proposed to facilitate the formation of strong secondary DNA structures, thus, increasing chromosomal breakage (13) . Stretches of (AT/TA) .20 perfect repeats have been suggested to cause the fragility of FRA16D (14) . In concordance with this hypothesis, we detected an (AT/TA) 23 repeat in FRA2Ccen directly located in the maximum peak of flexibility, which is similar to the situation reported for FRA16D. We detected no 
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(AT/TA) .20 perfect repeats in FRA2Ctel. Thus, the contribution of sequence to fragility may be more complex than only the presence of specific motifs. Our results emphasize the importance of combining sequence analysis with experimental assays to asses the roles of cFS in tumorigenesis. Common fragile sites frequently exhibit rearrangements in tumors. Homozygous and heterozygous deletions spanning several kilobases are prevalent at these regions (1, 16, 50, 51) . These rearrangements are suggested to either result from DSB incorrectly repaired by HR or NHEJ (17) , or the rearrangement process at cFS is mediated by microhomologies (50) . As fragile site activation is thought to be an early event during tumorigenesis (51), several studies aim to correlate the localization of cFS with the borders of genomic rearrangements and breaks in cancer cells (52) . Previously, the formation of the cancer-specific RET/PTC1 translocation has been linked to activated FRA10C and FRA10G in papillary thyroid carcinoma (53). Here we report that rearrangements are present at FRA2Ctel and FRA2Ccen in different tumors. We analyzed unbalanced genomic rearrangements in NBs without MYCN amplification, and from breast and colon carcinoma cell lines, and report that almost 40% of samples harbored gains and losses within or near FRA2Ctel and FRA2Ccen. Rearrangements ranged from a deletion/duplication of a single contiguous DNA segment to complex rearrangements with up to 14 breakpoints, and FISH analysis revealed inversions and balanced translocations at both cFS. Lesions at FRA2Ctel and FRA2Ccen indicate that cells were exposed to replication stress during tumorigenesis.
We show here that FRA2Ctel and FRA2Ccen span three genes, which can be affected during rearrangements. Approximately 20 large genes have been localized within cFS regions to date, ranging from 370 kb large CNTLN in FRA9G (8) to the 2 Mb DMD in FRAXC (54) . Whether the co-localization of large genes in cFS is due to their AT-rich intronic sequences or whether it reflects common functional aspects, such as signaling in the cellular stress response (55), remains to be investigated. In line with the observation that most cFS include large genes, FRA2Ctel contains NBAS, a novel member of large cFS gene group. It has been suggested that NBAS links p31 with ZW10-RINT-1, and is involved in protein transport from the Golgi apparatus to the endoplasmatic reticulum (56) . NBAS dysfunction or haploinsufficiency caused by DNA damage at FRA2Ctel could contribute to tumorigenesis, although this remains to be elucidated. NBAS overexpression via MYCN co-amplification may perturb the quantitative balance of complexes involved in cell cycle-related events and membrane trafficking (56) . This would be a rare event, since we detected only a complete co-amplification of NBAS in 2/24 samples. We show that RDH14 and NT5C1B localize to FRA2Ccen. These genes encode proteins belonging to large gene families, none of which as yet implicated in human cancers. RDH14 is a p53 transcriptional target (57) , which could implicate it as a surrogate way to de-regulate p53 tumor suppressor function via chromosomal alterations accompanying MYCN amplification. Rearrangements at FRA2C resulting in copy number changes of NBAS, RDH14 and NT5C1B may create a favorable situation for cancer progression.
High-level gene amplification is one of the most frequent genomic rearrangements in tumors, enhancing protein expression that can lead to the deregulation of cell proliferation and promoting tumorigenesis (31, 58, 59) . MYCN amplification in NBs results in a 50-to 100-fold copy number change (60) (61) (62) . The amplicons are predominantly organized as extrachromosomal DNA visualized as DM. DM may also integrate at other chromosomal sites and undergo several cycles of in situ amplification, resulting in tandem-arranged unit-sized HSR amplicons. These MYCN-amplicon features demonstrate that amplification of MYCN is BFB-independent. Hence, high copy number amplification of MYCN may be explained, for instance, by the replication excision model (63) or chromosome fragmentation (41) . Neither of these models have been examined in vitro or in vivo or connected to an activated fragile site to date. Here, we provide evidence that MYCN amplicons may originate from genomic rearrangements triggered by recombination events at FRA2Ctel or FRA2Ccen. MYCN amplicons and gains mapped to FRA2Ctel, FRA2Ccen or both in 80% of NB cell lines and 33% of NB primary tumors. It is possible that initiation of MYCN amplification is a consequence of perturbed replication at FRA2Ctel or FRA2Ccen, since especially FRA2Ctel maps to the boundaries of MYCN amplicons in the majority of all NB samples. Our report is the first, to our knowledge, to link sites of high-level amplification to cFS in cancer. Though chromosomal fragmentation is able to connect amplification to cFS activation, the replication-excision model is better suited to explain MYCN amplification, since amplification occurs without a deletion at the resident chromosomal loci in the vast majority of NB tumor cells (44) . Genes including RDH14 and NT5C1B appear not to provide strong selective advantages, possibly explaining why amplicons derived from this region occur less often in NB cells. Some NB cell lines and tumors exhibited discontinuously amplified sequences on 2p, most probably caused by independent amplification events occurring in or near FRA2Ctel and FRA2Ccen, and indicating that DM structures form recurrently and continuously at FRA2Ctel and FRA2Ccen, reflecting that its sequences are especially prone to form circular DNA. These large DM structures harboring non-syntenic genomic regions were also detected using FISH, which may be fusions of structures produced by the initial amplification of single regions. Thus, cFS sequences may trigger high-level amplification via the extensive looping out of the DNA and formation of self-replicating circular structures even without DNA damage. This new role for cFS differs from their formerly known role in amplification via BFB cycles after DSB occurrence. The cytogenetic position of other cFS relative to specific amplicons linked to certain human cancers further support the hypothesis that cFS play a role in extrachromosomal amplification of at least some genes during tumor progression. For instance, the amplification of MYC in variant forms of small-cell lung cancer and ERBB2 in 25-30% of mammary carcinomas may be amplified via activation of FRA8C and FRA17B, respectively. Nevertheless, final support of this hypothesis requires detailed genomic localization of FRA8C and FRA17B, including their borders.
The organization and architecture of FRA2Ctel and FRA2Ccen rearrangements resulting in gains and amplicons We detected different copy number levels in Vi-856 cells that probably represent the progression from low-to high-level rearrangements.
Taken together, the data we present in this report suggest that MYCN amplification, duplications and deletions are attributed to the highly recombinogenic nature of FRA2Ctel and FRA2Ccen in the human cancer genome. On the one hand, FRA2Ctel and FRA2Ccen may drive gains and deletions by DNA breakage, and on the other hand, they probably induce amplification via extra replication rounds of unbroken DNA, which are facilitated by the extensive looping out of the secondary DNA structures. We suggest the latter serves as a common mechanism at all cFS, as it does in generating gains and deletions.
MATERIALS AND METHODS
Fragile site induction
Lymphocytes were isolated from three healthy individuals, and transformed with Epstein-Barr virus to establish lymphoblastoid cell lines. The cells were grown in the RPMI-1640 medium supplemented with 10% fetal bovine serum and antibiotics. cFS were induced by 0.4 mM aphidicolin for 24-28 h before harvesting. Routine cytogenetic techniques were applied to harvest cells and prepare chromosomes. 
Fluorescence in situ hybridization
Extracted BAC and fosmid DNA were used as probes for FISH experiments. The BAC clones were chosen from the Ensembl database according to their genomic position and the fosmid clone (G248P85637C4) was chosen from the UCSC genome browser database. The 50 BAC clones from the RPCI-11 library and the fosmid clone (Table 1 and Supplementary Material, Table S2 ) were obtained from the Children's Hospital Oakland Research Institute (CHORI). Direct sequencing of BAC ends was carried out by GATC Biotech (Konstanz, Germany) using standard T7 and SP6 primers. Sequences were aligned with the human genome using the BLAT search at the UCSC hg18 assembly. Six-color FISH was performed using modified nucleotides. DEAC, FITC (Molecular Probes), Cy3, Cy3.5, Cy5 and Cy5.5 (Amersham, GE Healthcare, Germany) fluorescent dyes were coupled to allylamine-dUTPs (Sigma, Deisenhofen, Germany) as described previously (65) . BAC DNA was labeled with DEAC-, FITC-, Cy3-, Cy3.5-, Cy5-and Cy5.5-dUTPs by nick translation, hybridized to metaphase chromosomes, counterstained with 4,6-diamidino-2-phenylindol (DAPI) (Sigma, Munich, Germany), and analyzed on a Leica DMRA 2 microscope using Leica CW 4000 FISH software. A BAC was considered to bridge a fragile site when a hybridization signal was observed on both sides of the breakage, or if a signal appeared proximal (centromeric) in one metaphase and distal (telomeric) in a separate metaphase.
Array CGH
Two 385 K array CGH designs were used, representing either chromosome 2 or chromosome 2p (NimbleGen Systems, Inc.). Approximately 385 000 60-mer oligonucleotide probes were spotted on each array, yielding average resolutions of 200 kb (chr2p array) and 600 kb (chr2 array). Pooled female and male DNA isolated from human lymphocytes were used as reference samples. Sample labeling and array CGH processing was performed according to the manufacturer's protocol (NimbleGen Arrays User's Guide, CGH Analysis, version 3.1). The labeling efficiency of test and reference products was tested by measuring Cy3 and Cy5 quality on the ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The minimum was set to 8.0 pmol/ml for each dye. Slides were scanned at a 5 mm resolution using an Axon GenePix 4000B scanner (Axon Instruments, Molecular Devices Corp., Sunnyvale, CA, USA). Array CGH images were
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Human Molecular Genetics, 2011, Vol. 20, No. 8 processed using Roche NimbleGen NimbleScan software (version2.4). Data were analyzed using the R statistical software packages and the Ringo package for array CGH analysis provided via the Bioconductor project. Raw data files from the 2 and 2p NimbleGen arrays were imported into the Ringo library (66) . The arrays were loess normalized, and segmented using GLAD (67) . A threshold of a log2 ratio .0.15 in NB cell lines and log2 ratio .0.16 in NB primary tumors was chosen to be a gain. Gains in NB-S230 and NB-S498 were defined as a log2 ratio .0.35, due to the oscillating signal-to-noise ratio. Amplification was defined as a log2 ratio .1 for all array CGH analyses. All raw and normalized array CGH data are available from the iCHIP platform (Integration Center of HIgh throughPut experiments). 
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